NAS, NAFLD activity score; ROC, receiver-operating characteristic; AUC, area under the ROC curve; γGT, γ-glutamyltransferase; HCC, hepatocellular carcinoma.
Introduction
Citrin is a liver-type mitochondrial aspartate-glutamate carrier (AGC) known to exchange mitochondrial aspartate for cytosolic glutamate and a proton [1] [2] [3] . This function is important in translocating cytosolic nicotinamide adenine dinucleotide (NADH) reducing equivalents into the mitochondria as a part of the malate-aspartate shuttle, and NADH produced by malate is oxidized to generate adenosine triphosphate (ATP) in the oxidative phosphorylation pathway. Moreover, liver-specific AGC also plays an important role in supplying aspartate to argininosuccinate synthetase (ASS) in the cytosol to generate argininosuccinate in the urea cycle. Thus, a deficiency of liver-specific AGC, namely citrin, results in dysfunction of the urea cycle and hyperammonemia [2, 3] .
Citrin deficiency is an autosomal recessive disorder caused by a mutation of the SLC25A13 gene encoding citrin, which is located on chromosome 7q21.3 [2] [3] [4] . Some of the mutations identified in Japanese patients are frequently found in the East Asian population, and the prevalence of these mutations has been estimated to be 1/65 in China, 1/112 in Korea, and 1/69 in Japan [3, 5, 6] . Furthermore, several cases with SLC25A13 gene mutations have been reported in Israel, USA, and elsewhere [7] [8] [9] , indicating a world-wide incidence of citrin deficiency.
The SLC25A13 gene mutation leads to neonatal intrahepatic cholestasis caused by citrin deficiency (NICCD) and adult-onset type II citrullinemia (CTLN2) [2, 3] . Citrin deficiency is sometimes asymptomatic in adults probably by metabolic adaptation, but CTLN2 is characterized by the sudden onset of various neuropsychological symptoms including disorientation, abnormal behavior, convulsions, and coma due to hyperammonemia, which may result in rapidly progressive and irreversible brain edema and death. Generally speaking, the prognosis of patients with CTLN2 is not favorable after the onset of encephalopathy, and liver transplantation is required for severe CTLN2 which is refractory to various ammonia-lowering and neuroprotective therapies. Furthermore, certain types of conventional treatments for brain edema, such as intravenous administration of hyperosmotic and high sugar solutions, have been reported to aggravate encephalopathy [2, 10, 11] , and the mechanism of toxicity of carbohydrate overload for citrin deficiency has been recently clarified using mouse models [12] . Thus, early diagnosis of citrin deficiency and CTLN2 and appropriate treatment might improve prognosis.
Citrin deficiency has been demonstrated to present with hepatic steatosis and steatohepatitis. Previously, we reported the case of a patient with nonalcoholic fatty liver disease (NAFLD) who was later shown to carry SLC25A13 gene mutation [13] . The patient had elevation of serum aminotransferase levels and fatty liver of unknown causes, and was first diagnosed as having NAFLD by liver biopsy at the age of 23. Ten years afterwards, serious encephalopathy suddenly appeared after accidental consumption of alcohol. The patient was then diagnosed as having CTLN2, but did not respond to any conservative treatments and required urgent liver transplantation [13, 14] . Moreover, Takagi et al. have also reported three CTLN2 patients with liver histologies of steatohepatitis [15] . These findings suggest the possibility that citrin deficiency may be present in adults who are diagnosed as having NAFLD or nonalcoholic steatohepatitis (NASH), and elucidating the characteristics of fatty liver related to citrin deficiency may be helpful in the early distinction of this disease from conventional NAFLD. However, the clinical features of this phenomenon have not been fully investigated.
In the present study, we evaluated the clinical characteristics of citrin deficiency-associated fatty liver through analysis of CTLN2 patients presenting with fatty liver, and sought to find key indicators to detect citrin deficiency in NAFLD patients.
Methods

Patients
Nineteen CTLN2 patients (11 men and 8 women, mean age 37 + 10 yrs), who had been admitted to Shinshu University Hospital between 1979 and 2007, were examined in this study. All patients had experienced neuropsychological symptoms due to hyperammonemia. CTLN2 was suspected from the presence of neurological abnormalities and elevated plasma ammonia and citrulline levels, and diagnosis was confirmed by the presence of SLC25A13 gene mutations. In these patients, the presence of fatty liver was confirmed by liver histology (i.e., lipid accumulation in more than 5% of hepatocytes) or imaging modalities such as ultrasonography (US) and/or computed tomography (CT) scan.
For comparison, 25 NAFLD patients (10 men and 15 women, mean age 61 + 13 yrs), who had been admitted to Shinshu University Hospital between 2003 and 2004 for the purpose of percutaneous liver biopsy, were analyzed. These patients did not have any of the 16 different mutations frequently found in the SLC25A13 gene of Japanese patients with citrin deficiency. Three patients were diagnosed as having NASH according to the histological criteria proposed by Kleiner et al [16] .
NAFLD patients without SLC25A13 mutations satisfied the following exclusion criteria: no consumption of alcohol or steatosis-inducing drugs such as tamoxifen or anti-retroviral agents, negative results for hepatitis B surface antigen, anti-hepatitis B core and anti-hepatitis C virus (HCV) antibodies, and no presence of other types of chronic liver disease such as autoimmune liver diseases, Wilson's disease, hereditary hemochromatosis or α1-antitrypsin deficiency.
Analysis of clinical features
At the time of admission, body height, weight, and waist circumference were measured by hospital staff unaware of the patients' medical information, and clinical course and past history were taken for each patient and family. History of alcohol or drug intake and fondness for foods were also recorded. The time of diagnosis of CTLN2 was taken as the age of appearance of neuropsychological symptoms and detection of hyperammonemia and/or hypercitrullinemia. The time of diagnosis of fatty liver was taken as the age of diagnosis by liver biopsy or imaging. The time of diagnosis of hyperlipidemia, type 2 diabetes, and elevation of alanine aminotransferase (ALT) level (>35 U/L) was taken as the age of detection of these abnormalities by blood examination. The time of diagnosis of pancreatitis was taken as the age of diagnosis by physical, laboratory, and imaging examinations.
The presence of obesity was defined as having a body mass index (BMI) of more than 25 kg/m 2 , based on criteria released by Japan Society for the Study of Obesity [17] . Patients were considered to be hypertensive if their systolic/diastolic blood pressure was greater than 140/90 mmHg, or if they were taking anti-hypertensive drugs. Patients were considered to be diabetic if they had a fasting glucose level equal to or higher than 7.0 mmol/L (126 mg/dL) or if they were taking insulin or oral hypoglycemic drugs. Patients were considered to have hyperlipidemia if their fasting serum levels of cholesterol or triglyceride were equal to or higher than 5.7 mmol/L (220 mg/dL) or 1.7 mmol/L (150 mg/dL), respectively, or if they were taking lipid-lowering drugs [18] . The presence of metabolic syndrome was judged according to the criteria released by the Japanese Committee for the Diagnostic Criteria of Metabolic Syndrome [19] .
Laboratory and biochemical examination
At the time of admission, blood samples were obtained in a fasting state, and complete blood counts and blood chemistries, including lipoprotein, were determined by standard methods. The homeostasis model assessment of insulin resistance (HOMA-IR), a simple and reliable indicator of insulin resistance, was calculated by the following formula: [fasting plasma glucose (mmol/L) x immunoreactive insulin (μU/mL)]/22.5. A HOMA-IR of greater than 2 was defined as the presence of insulin resistance [18] . Serum pancreatic secretory trypsin inhibitor (PSTI) concentration was measured by immunoradiometric assay (Eiken Chemical Co., Ltd, Tokyo, Japan). Hepatic ASS activity was measured as described by Su et al [20] , and values were expressed as percentages of control.
Imaging examination
Each patient underwent abdominal US or CT scan. The presence of fatty liver was assessed according to positive findings such as hepatorenal contrast, blurring of the vascular wall, and/or profound attenuation of the diaphragm [18, 21] . In CT scans, the presence of hepatic steatosis was assessed according to criteria described elsewhere [22] .
Liver histology
Liver samples were obtained from 14 CTLN2 patients with fatty liver by percutaneous US-guided biopsy (6 patients; Nos. 1, 7, 8, 11, 12, and 14 in Table 1 ) or from explanted livers at living donor liver transplantation (8 patients). Liver samples were fixed in 10% neutral formalin, and sections cut at 4-μm thickness were stained with hematoxylin and eosin or Azan-Mallory methods. Histological diagnosis was performed by two experienced pathologists (KS, EH) in a blinded fashion. The NAFLD activity score (NAS) was assessed according to the criteria proposed by Kleiner et al [16] . The diagnosis of NASH was confirmed by a NAS of more than 5.
SLC25A13 gene mutation analysis
DNA was extracted from peripheral blood using standard methods. Sixteen SLC25A13 mutations found relatively frequently in Japan, 13 mutations described previously [4, 6, [23] [24] [25] and three unpublished novel mutations (Tabata et al., manuscript in preparation), were tested by the polymerase chain reaction-restriction fragment length polymorphism method and/or multiple methods using Genescan/SNaPshot. A novel mutation identified by PCR/sequencing of all 18 exons and the flanking sequences in an allele of a CTLN2 patient (No. 8 in Table 1 ) will be described elsewhere (Song et al., manuscript in preparation).
Ethics
This study was approved by the ethical committees of the Shinshu University School of Medicine and Kagoshima University Faculty of Medicine, and adheres to the principles of the Declaration of Helsinki.
Statistics
Categorical variables were expressed as percentages, and continuous variables were expressed as median and range (in parentheses). Statistical analyses were performed using SPSS software 11.5J for Windows (SPSS Inc., Chicago, IL). Comparisons were made using Fisher's exact probability test for categorical variables, the χ 2 test for histological scores, and the Mann-Whitney U-test for continuous variables. To assess the clinical parameters in differentiating citrin deficiency from NAFLD, receiver-operating characteristic (ROC) curves were constructed by plotting sensitivity against reverse specificity (1 minus specificity) for each value. In this assessment, a larger area under the ROC curve (AUC) corresponded to a more useful marker for differentiating citrin deficiency. The most appropriate cut-off point was the point at which the sum of the sensitivity and specificity was maximized. A probability value of less than 0.05 was considered to be statistically significant.
Results
Prevalence of fatty liver in CTLN2 patients at time of admission
Clinical features of the 19 CTLN2 patients are summarized in Table 1 . Their median age was 40 years. Only one patient (No. 11) had a past history of prolonged neonatal jaundice, a symptom suggestive of NICCD [26] . Thirteen (68%) patients were fond of eating protein-rich foods such as beans, eggs, or cheese, but the others did not have any peculiar dietary preferences. All patients demonstrated hypercitrullinemia and had SLC25A13 gene mutations (9 homozygotes), and all patients except one (No. 9) demonstrated marked reduction in hepatic ASS activity. Elevation of serum ALT and γ-glutamyltransferase (γGT) levels and fatty liver were observed in 17 (89%), 15 (79%), and 17 (89%) patients, respectively, at the time of admission ( Table 2) . None of the patients had a history of alcohol drinking. Interestingly, in CTLN2 patients with fatty liver, median BMI values were as low as 18.3 kg/m 2 , and none was classified as obese (Table 2 ). Increases in waist circumference, a reliable anthropometric indicator of visceral obesity, were also not observed in these patients. These results corroborate with the high prevalence of non-obese nonalcoholic fatty liver in CTLN2 patients.
Time of diagnosis
Next, the times of diagnosis of CTLN2, hyperlipidemia, fatty liver, elevation of serum ALT levels, and pancreatitis were recorded ( Table 3 ). The median age of the initial diagnosis of CTLN2 was 40 years. Hypertriglyceridemia was present in 6 (32%) patients. Interestingly, hypertriglyceridemia, fatty liver, and elevation of serum ALT levels had been pointed out in 3 (16%), 5 (26%), and 8 (42%) patients, respectively, before appearance of neuropsychological symptoms, i.e., diagnosis of CTLN2. Furthermore, 5 (26%) patients had experienced pancreatitis, all of which preceded diagnosis with CTLN2.
Histological findings of fatty liver with citrin deficiency
In the 17 CTLN2 patients with fatty liver, one patient (No. 17) was excluded because of positive results for anti-HCV antibody and serum HCV-RNA (HCV genotype 1b). The remaining 16 patients (Nos. 1-16) had hepatic steatosis, and liver samples were obtained from 14 patients (Nos. 1-14) ( Table 4 ). All samples demonstrated various degrees of macrovesicular steatosis mainly present in zone 3. Apparent microvesicular steatosis was also present in 4 (29%) samples. Perisinusoidal fibrosis was detected in 11 (79%) samples, and one (8%) sample demonstrated bridging fibrosis ( Figure 1A) . Mild lobular and portal inflammation consisting of mononuclear cell infiltration was observed in 12 (86%) and 6 (43%) samples, respectively. Hepatocyte ballooning, Mallory hyaline, and glycogenated nuclei were detected in 4 (29%), 1 (7%), and 1 (7%) sample, respectively. Assessment of histological severity of NAFLD revealed that 1 (7%) patient (No. 6) had a NAS of more than 5 ( Figure 1B) , but approximately 50% of the patients had a NAS of less than 3.
Comparison of clinical and biochemical findings between fatty liver with and without SLC25A13 gene mutations
In order to investigate the clinical characteristics of fatty liver associated with citrin deficiency, clinical and biochemical findings of these patients were compared with fatty liver cases without SLC25A13 mutations, i.e., conventional NAFLD. As shown in Table 5 , fatty liver patients with the mutations had a lower frequency of obesity (0 vs 72%, P < 0.001), metabolic syndrome (0 vs 36%, P < 0.001), type 2 diabetes (0 vs 32%, P < 0.001), hypertension (0 vs 44%, P < 0.001), and a higher frequency of history of pancreatitis (13 vs 0%, P = 0.002) than those without the mutations. The median BMI of citrin deficiency patients was significantly lower (18.3 vs 27.3 kg/m 2 , P < 0.001), as were waist circumference (72 vs 89 cm, P < 0.001), serum albumin (3.7 vs 4.4 g/dL, P = 0.001), cholesterol (4.8 vs 5.8 mmol/L, P = 0.003), low-density-lipoprotein cholesterol (2.1 vs 4.2 mmol/L, P = 0.002), and HOMA-IR (1.7 vs 4.8, P = 0.006) ( Table 5 ). Serum PSTI concentrations were significantly greater in patients with citrin deficiency (74 vs 10 ng/mL, P < 0.001).
ROC curve analysis
We first tried multivariate logistic regression analysis to identify key clinical parameters for detecting citrin deficiency in NAFLD, but were unable to obtain any meaningful data due to the remarkable differences in BMI and PSTI. Thus, ROC curves were constructed and evaluated for each parameter. The AUC of BMI and PSTI were found to be quite large (0.968 and 0.989, respectively). The odds ratio for BMI was 0.48 (95% confidence interval, 0.924-1.011; P < 0.001), and that for PSTI was 1.37 (95% confidence interval, 0.963-1.015; P < 0.001).
Discussion
The present study demonstrates that citrin deficiency can superficially mimic NAFLD before the onset of neurological abnormalities. However, fatty liver patients with SLC25A13 mutations lacked the complications of obesity, metabolic syndrome, and diabetes. Furthermore, BMI and serum PSTI appeared to be clues in distinguishing citrin deficiency from conventional NAFLD. As far as we know, this is the first study to review the clinical features of citrin deficiency-associated fatty liver disease and compare the characteristics with those of NAFLD without SLC25A13 mutations.
As evidenced in Table 3 , it is plausible that many patients homozygous for SLC25A13 mutations may be diagnosed as having other diseases, such as NAFLD, hyperlipidemia, and pancreatitis, before the appearance of neurological abnormalities and diagnosis of CTLN2. There is also great variety in the time and mode of onset of neurological episodes in CTLN2; some patients do not experience neurological symptoms until middle or old age. For example, in one patient, the first neurological episode occurred at 79 years of age [23] . Indeed, the patient (No. 9), who had been diagnosed as having hepatocellular carcinoma (HCC) of unknown etiology experienced consciousness disturbance for the first time after hepatic resection at 51 years of age, leading to the diagnosis of CTLN2 [27] . This diversity may be partially explained by varying degrees of reduction in hepatic ASS activity. The frequency of homozygotes in Japan (1/19,000) [3] calculated from carrier rate is quite different from the actually reported incidence of CTLN2 (1/100,000) [28] , suggesting that many people with citrin deficiency devoid of neurological symptoms may exist in the general population.
The mechanism of steatogenesis by citrin deficiency may be explained as follows: NADH reducing equivalents are supplied to the mitochondria mainly via the malate-aspartate shuttle in human hepatocytes ( Figure 3A) . However, citrin deficiency loses this shuttle, resulting in the compensatory up-regulation of the malate-citrate shuttle, which increases citrate in the cytosol ( Figure 3B) . A large amount of citrate is converted to acetyl-CoA by ATP-citrate lyase, further leading to overproduction of fatty acids in hepatocytes ( Figure 3C ). In fact, elevated mRNA levels of ATP-citrate lyase have been confirmed in livers of citrin/mitochondrial glycerol-3-phosphate dehydrogenase double knockout mouse, a suitable model of human citrin deficiency [12] . The mRNA levels of CD36 (fatty acid translocase) were also elevated in these mouse livers [12] , suggesting increased fatty acid uptake capacity into hepatocytes. Based on these findings, enhancement of de novo lipogenesis and fatty acid uptake into hepatocytes are considered to be key events in the development of hepatic steatosis in patients with citrin deficiency. Additionally, the observation that plasma ketone body levels are relatively low in CTLN2 patients [29] implies that mitochondrial fatty acid-degrading capacity might be reduced to some degree [30, 31] .
A striking finding in this study is that some citrin deficiency patients presenting with fatty liver had a history of pancreatitis, indicating a possible susceptibility to citrin deficiency in NAFLD/NASH patients who have experienced this disease. Pancreatitis unrelated to alcohol consumption, which is sometimes chronic and recurrent, is one of the hallmark features of citrin deficiency [32] , but its etiology remains unclear. Recently, we reported the case of a non-obese patient with NASH caused by pancreatic exocrine insufficiency [33] . This case was characterized by the absence of obesity and insulin resistance and decrease in serum levels of albumin and cholesterol, showing several resemblances to fatty liver with citrin deficiency. A significant reduction in plasma methionine concentrations was also observed in this case, and both hepatic steatosis and decreased plasma methionine levels were significantly improved by pancreatic enzyme supplementation [33] . Therefore, impaired pancreatic exocrine function due to chronic pancreatitis, latent malabsorption of essential amino acids, and the resultant deficiency of methionine might at least in part contribute to the pathogenesis of fatty liver with citrin deficiency.
The most remarkable characteristics of fatty liver disease due to citrin deficiency were low BMI and high serum PSTI. All CTLN2 patients with fatty liver were lean, which is consistent with other previous reports [13, 14, 34, 35] . This phenomenon may derive from a unique food habit of disliking high calorie and high carbohydrate foods such as rice and sweets [2, 3] . An increase in serum PSTI is known to sometimes precede neurological episodes [36, 37] . Indeed, in a patient we reported [13] , a retrospective measurement revealed a marked elevation of serum PSTI (170 ng/mL) at the time of liver biopsy in which he appeared conscious. Therefore, we may postulate that measurement of BMI and serum PSTI may be useful as an initial screening method to distinguish citrin deficiency from NAFLD. We are prospectively examining serum PSTI in non-obese NAFLD patients, but all patients analyzed thus far have had normal PSTI and no SLC25A13 gene mutations. Verifying this finding will require further large-scale examinations.
It is quite noteworthy that some CTLN2 patients with steatosis developed severe fibrosis ( Figure 1A) or cirrhosis, suggesting that citrin deficiency may progress to cirrhosis. Since all liver samples analyzed were obtained shortly after the onset of neurological abnormalities and the initiation of ammonia-reducing therapy, the possibility that the development of hepatic fibrosis can be attributed to inadequate therapeutic interventions (e.g., strict protein restriction, long-term intravenous hyperalimentation) seems very low. More importantly, citrin deficiency can induce HCC [2, 27, [38] [39] [40] , meaning clinicians should also consider citrin deficiency as one of the etiologies of cryptogenic cirrhosis or HCC.
The results found in the current study lead to several points that need further study. Firstly, the prevalence of citrin deficiency in patients with cryptogenic chronic liver diseases should be clarified. Secondly, simple, non-invasive, and useful indicators to find apparently healthy homozygotes need to be established. For instance, the usefulness of immunoblot analysis of citrin by means of lymphocytes has recently been documented [41] . Finally, possible pharmacological interventions against asymptomatic citrin deficiency patients should be discussed as therapeutic interventions to decrease cytosolic citrate might attenuate hepatic steatosis. A recent study using citrin-deficient mice demonstrated that pyruvate replenishment may be effective to alleviate metabolic disturbances [42] .
In conclusion, patients who present with fatty liver, especially non-obese individuals, might have citrin deficiency mimicking NAFLD. Medical history, dietary preference, and anthropometric and laboratory data such as BMI and serum PSTI may provide clues to discriminate citrin deficiency from NAFLD. (C) Changes in fatty acid metabolism in patients with citrin deficiency. Overproduction of fatty acids due to increases in cytosolic citrate and enhancement of fatty acid uptake into hepatocytes are proposed to be associated with steatogenesis. ACL, ATP-citrate lyase; CD36; fatty acid translocase; Cit, citrate; FA, fatty acid; TG, triglyceride; cyt, cytosol; mit, mitochondrial matrix.
